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Protein translation is an energetically demanding
process that must be regulated in response to
changes in nutrient availability. Herein, we report
that intracellular methionine and cysteine availability
directly controls the thiolation status of wobble-
uridine (U34) nucleotides present on lysine, gluta-
mine, or glutamate tRNAs to regulate cellular transla-
tional capacity and metabolic homeostasis. tRNA
thiolation is important for growth under nutritionally
challenging environments and required for efficient
translation of genes enriched in lysine, glutamine,
and glutamate codons, which are enriched in pro-
teins important for translation and growth-specific
processes. tRNA thiolation is downregulated during
sulfur starvation in order to decrease sulfur con-
sumption and growth, and its absence leads to
a compensatory increase in enzymes involved in
methionine, cysteine, and lysine biosynthesis. Thus,
tRNA thiolation enables cells to modulate transla-
tional capacity according to the availability of sulfur
amino acids, establishing a functional significance
for this conserved tRNA nucleotide modification in
cell growth control.INTRODUCTION
The process of protein synthesis consumes enormous amounts
of energy and must be carefully regulated in response to nutrient
availability (Warner et al., 2001). The translational capacity and
output of a cell is typically increased to promote growth and pro-
liferation (Jorgensen and Tyers, 2004) or decreased during
nutrient limitation or quiescence. In eukaryotes, much of this
translational regulation in response to nutrients is controlled by
the TORC1 and PKA signaling pathways, which regulate the
translation machinery, rRNA, and tRNA biogenesis (Proud,
2002; Wullschleger et al., 2006; Zaman et al., 2008). Although
connections between these nutrient-sensitive signal transduc-416 Cell 154, 416–429, July 18, 2013 ª2013 Elsevier Inc.tion pathways and translation are increasingly well studied,
much remains unclear about how the regulation of protein trans-
lation is tied to the nutrients themselves.
Interestingly, many tRNAs contain unconventional, conserved
nucleotide modifications (Gustilo et al., 2008; Phizicky and
Hopper, 2010). When the genetic code was deciphered, it
became apparent that the base at the ‘‘wobble position’’ on
tRNA anticodons could pair with more than one base at the third
codon position (Crick, 1966). Two sets of tRNA uridine modifica-
tions are present at the wobble position (U34) on tRNALys (UUU),
tRNAGlu (UUC), and tRNAGln (UUG) (Gustilo et al., 2008; Phizicky
and Hopper, 2010). These are an mcm5 modification, which
denotes a methoxycarbonylmethyl functional group at the
5 position (termed uridine mcm5) and is often accompanied
by thiolation where a sulfur atom replaces oxygen at the
2 position (termed uridine thiolation, or s2U) (Figure 1A). These
modifications are often found together but can exist separately
on their own (Chen et al., 2011b; Yarian et al., 2002) (Figure 1A).
Although these conserved modifications have been known for a
long time, an underlying logic for their biological purpose
remains unclear.
The proteins that modify these tRNA uridines are better under-
stood biochemically. In yeast, the elongator complex protein
Elp3p and the methyltransferase Trm9p are required for uridine
mcm5 modifications (Begley et al., 2007; Chen et al., 2011a;
Huang et al., 2005; Kalhor and Clarke, 2003). Uridine thiolation
requires multiple proteins transferring sulfur derived from
cysteine onto the uracil base (Goehring et al., 2003b; Leidel
et al., 2009; Nakai et al., 2008; Nakai et al., 2004; Noma et al.,
2009; Schlieker et al., 2008). This sulfur transfer proceeds
through a mechanism shared with a protein ubiquitylation-like
modification, called ‘‘urmylation,’’ in which Uba4p functions as
an E1-like enzyme to transfer sulfur to Urm1p. These tRNA
uridine modifications can modulate translation. For example,
tRNALys (UUU) uridine modifications enable the tRNA to bind
both lysine cognate codons (AAA and AAG) at the A and P sites
of the ribosome, aiding tRNA translocation (Murphy et al., 2004;
Phelps et al., 2004; Yarian et al., 2002). Uridine modified tRNAs
have an enhanced ability to ‘‘wobble’’ and read G ending
codons, forming a functionally redundant decoding system
(Johansson et al., 2008). However, only a handful of biological
roles for these modifications are known. Uridine mcm5
modifications allow the translation of AGA and AGG codons
during DNA damage (Begley et al., 2007), influence specific
telomeric gene silencing or DNA damage responses (Chen
et al., 2011b), and function in exocytosis (Esberg et al., 2006).
These roles cannot fully explain why these modifications are
ubiquitous or how they are advantageous to cells.
Interestingly, studies in yeast link these tRNA modifications to
nutrient-dependent responses. Both modifications consume
metabolites derived from sulfur metabolism, primarily S-adeno-
sylmethionine (SAM) (Kalhor and Clarke, 2003; Nau, 1976), and
cysteine (Leidel et al., 2009; Noma et al., 2009). These modifica-
tions appear to be downstream of the TORC1 pathway, as yeast
lacking these modifications are hypersensitive to rapamycin
(Fichtner et al., 2003; Goehring et al., 2003b; Leidel et al.,
2009; Nakai et al., 2008), and interactions can be detected
between Uba4p and Kog1/TORC1 (Laxman and Tu, 2011).
These modification pathways also play critical roles in nutrient-
stress-dependent dimorphic foraging yeast behavior (Abdullah
and Cullen, 2009; Goehring et al., 2003b; Laxman and Tu,
2011). We reasoned that deciphering the interplay between
thesemodifications, nutrient availability, and cellular metabolism
would reveal a functional logic to their biological importance.
Herein, we show that tRNA uridine thiolation abundance
reflects sulfur-containing amino acid availability, and functions
to regulate translational capacity and amino acid homeostasis.
Uridine thiolation represents a key mechanism by which transla-
tion and growth are regulated synchronously with metabolism.
These findings have significant implications for our understand-
ing of cellular amino-acid-sensing mechanisms and, with the
accompanying article (Sutter et al., 2013), show how sulfur-con-
taining amino acids serve as sentinel metabolites for cell growth
control.
RESULTS
tRNA Uridine Thiolation Amounts Reflect Intracellular
Sulfur Amino Acid Availability
Wewere intrigued by connections between tRNA uridine modifi-
cation pathways and nutrients, especially because mutants of
tRNA uridine-modifying enzymes were hypersensitive to rapa-
mycin (Figure S1A available online). We first tested whether
tRNA uridine modification amounts changed in response to
different nutrient environments. To qualitatively assay tRNA
uridine thiolation, tRNAs were resolved on urea-PAGE gels con-
taining the sulfur-coordinating mercury agent APM (Nakai et al.,
2008) (Extended Experimental Procedures). We confirmed that
the enzymeUba4p is required for all tRNA thiolation (Figure S1B).
Although the majority of tRNALys (UUU), tRNAGlu (UUC), and
tRNAGln (UUG) were thiolated in cells growing either in yeast
extract peptone dextrose (YPD; rich medium) or under contin-
uous glucose limitation, a fraction of these tRNAs remained
unthiolated (Figure S1B), suggesting that this modification was
not constitutive and might change in abundance under specific
conditions.
We then developed targeted LC-MS/MS methods to
quantitatively measure amounts of thiolated, methoxycarbonyl-
methyl-modified (mcm5s2), or unthiolated, methoxycarbonyl-
methyl-modified (mcm5) tRNA uridines (Figure S1C). We grewcells under several nutrient conditions including rich (YP), or syn-
thetic (S), minimal defined medium with either glucose (D) or
lactate (L) as the carbon source (Figure 1B) and measured rela-
tive uridine modification amounts from purified tRNAs. We
observed a significant decrease in relative amounts of thiolated
uridine in cells grown in minimal media, particularly in nonfer-
mentable SLmedium compared to fermentable SDmedium (Fig-
ure 1C). In all samples, amounts of unthiolated (mcm5) uridines
always increased when thiolated (mcm5s2) uridines decreased,
suggesting the mcm5 modification is more constitutive. Collec-
tively, these data suggest the thiolation modification in particular
is regulated by nutrient availability.
Both SD and SL minimal medium contain sufficient biosyn-
thetic precursors for growth. However, a key difference
compared to YP media is the absence of free amino acids.
Therefore, we tested whether specific amino acids were critical
for tRNA uridine thiolation. We measured thiolated uridine
amounts from tRNAs purified from cells grown in SD medium
supplemented with individual amino acids. Thiolated uridine
abundance was restored exclusively by sulfur-containing amino
acids methionine and cysteine, but not other amino acids alone
or in combination (Figure 1D, S1D). Excess ammonium sulfate
also failed to restore thiolated uridine amounts (Figures 1D and
S1D). These data reveal that tRNA uridine thiolation is responsive
specifically to the availability of reduced sulfur equivalents in
the cell.
Although cysteine is the sulfur donor for tRNA uridine thiola-
tion, methionine, and cysteine can be interconverted to one
another in yeast (Figure 1E). We therefore asked whether thio-
lated uridine amounts correlated with intracellular sulfur amino
acid abundance. We determined intracellular methionine,
cysteine, SAM, and S-adenosylhomocysteine (SAH) abundance
using targeted LC-MS/MS methods (Figure 1F). Compared to
YPD medium, cells grown in SD medium showed substantially
decreased methionine and cysteine abundance, which was
restored uponmethionine addition (Figure 1F). Such sulfur amino
acid depletion was more considerable between nonfermentable
YPL and SL media (Sutter et al., 2013). We estimated that
cysteine was present at nM concentrations, whereas methionine
and SAM were present at 10–50 mM. Furthermore, the ratio of
SAM:SAH decreased substantially upon switching to SD or SL
from richmedia (Table S1). These data suggest that tRNA uridine
thiolation amounts are tuned to reflect intracellular sulfur amino
acid availability.
tRNA Uridine Thiolation Is Important under Challenging
Growth Conditions
Why might cells modulate tRNA uridine thiolation levels depend-
ing on sulfur amino acid abundance? Mutant strains lacking
thesemodifications do not exhibit significant growth phenotypes
under standard nutrient-rich growth conditions (Figure S1A) un-
less exposed to rapamycin, caffeine, or oxidative stress (Leidel
et al., 2009; Nakai et al., 2008). We hypothesized that stronger
phenotypes resulting from a lack of these tRNA modifications
might emerge under more challenging growth environments.
During continuous nutrient-limited growth, prototrophic
strains of budding yeast exhibit robust oscillations in oxygen
consumption in a phenomenon termed the yeastmetabolic cycleCell 154, 416–429, July 18, 2013 ª2013 Elsevier Inc. 417
Figure 1. tRNA Uridine Thiolation Amounts Reflect Sulfur Amino Acid Availability
(A) tRNA structure, wobble uridine modifications, and structures of methoxycarbonylmethyl (mcm5), and methoxycarbonylmethyl + thiolation (mcm5s2) uridine
modifications.
(B) Experimental approach for measuring tRNA uridine modifications by LC-MS/MS.
(C) tRNA uridine thiolation amounts decrease in minimal media. Relative abundance of thiolated (mcm5s2) or mcm5-modified tRNA uridines in cells grown in rich
(YPD or YPL) and minimal media (SD or SL) were measured (mean ± SD, n = 4, with experimental duplicates. *** indicates p < 0.001, ** indicates p < 0.01, *
indicates p < 0.05).
(legend continued on next page)
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(YMC) (Tu et al., 2005 and Figure 2A). During the YMC, synchro-
nized cells shift between three metabolic states, OX (oxidative),
where genes specific to growth (e.g., ribosome biogenesis,
translation machinery) increase in expression; RB (reductive-
building), where genes specific to DNA replication and the cell
cycle peak; and RC (reductive-charging), where cells are quies-
cent-like with increased expression of stress and survival genes
(Figure 2A). Sulfur metabolism is not only tightly regulated during
the YMC but is also critical for maintaining such cycles (Murray
et al., 2003; Tu et al., 2005; Tu et al., 2007). Thus, we turned to
the YMC to provide insights into the specific biological roles of
tRNA uridine modifications.
Transcript levels of genes encoding uridine-modifying en-
zymes (URM1, ELP3, and TRM9, but not UBA4) are periodic in
the YMC (Tu et al., 2005), peaking during the OX/growth phase
(Figure S2A). Genes induced during this phase typically have
important roles in growth (Brauer et al., 2008; Cai et al., 2011;
Tu et al., 2005). Accordingly, the abundance of the thiolation-
specific and mcm5-specific enzymes increased during the OX/
growth phase as well (Figure S2B), suggesting growth-specific
roles for these modifications. Total amounts of tRNAs harboring
these modifications (e.g., tRNAGlu (UUC)) also increased specif-
ically during the growth phase (Figure S2C). We also compared
the relative amounts of these tRNA uridine modifications (in pro-
portion to all other tRNA nucleotides present at that time) across
the YMC (Figure S2D and Experimental Procedures) and found
that they remained constant across the different phases.
Mutants of key metabolic regulators of cell growth or division
often display strong metabolic cycle phenotypes (Cai et al.,
2011; Chen et al., 2007). tRNA thiolation-deficient cells (uba4D
and urm1D) were unable to maintain normal metabolic cycles,
showing weak, unstable oscillations with short periodicity (Fig-
ure 2B). This observed phenotype in thiolation-deficient cells is
pronounced because mutants of many nonessential genes
show no cycling phenotype at all. In contrast, strains deficient
in mcm5-modified uridines (elp3D or trm9D) had near-normal
metabolic cycles (Figure 2B), whereas mutants lacking both
tRNA uridine modifications did not cycle (Figure S2E). These
data suggest critical roles for tRNA uridine thiolation, and more
permissive roles for mcm5-modified uridines, during continuous
nutrient-limited growth. Overexpressing mcm5-modified
tRNALys (UUU), tRNAGlu (UUC), and tRNAGln (UUG) was insuffi-
cient to rescue the aberrant YMC phenotype of the uba4D
mutant (Figure S2F). These data suggest essential roles for
tRNA thiolation under challenging growth environments.
tRNA uridine thiolation requires proteins shared by the protein
urmylation pathway (Figure 2C) (Goehring et al., 2003b; Schlieker
et al., 2008). The observed phenotypes could alternatively be
due to noncatalytic functions of Uba4p, protein urmylation, or(D) tRNA uridine thiolation amounts are rescued by sulfur-containing amino acids
indicated amino acids, ammonium sulfate (NH4)2SO4, or a non-sulfur amino acid m
with experimental duplicates).
(E) Simplified schematic of sulfur amino acid metabolism in budding yeast. Cyste
(F) Intracellular sulfur amino acid levels decrease in SDminimal medium. Cells wer
sulfur metabolites were measured by LC-MS/MS. Note: relative decreases of
abundance (mean ± SD, n = 4, with experimental duplicates).
See also Table S1 and Figure S1.other unknown functions of these proteins. To test these possi-
bilities, we first mutated key catalytic residues required for the
sulfur transfer activity of Uba4p (C225A and C397A) (Schmitz
et al., 2008). Strains with these mutations behaved identically
to uba4D and urm1D strains (Figure 2D), showing that Uba4p
catalytic activity is required for normal cycling. Next, we tested
roles for protein urmylation. Only one yeast protein not part of
the urmylation pathway, Ahp1p, has been identified to be urmy-
lated, which occurs during oxidative stress (Goehring et al.,
2003a; Van der Veen et al., 2011) (Figure 2A). However, ahp1D
strains showed normal metabolic cycles (Figure 2E). We
measured global protein urmylation under different nutrient con-
ditions bywestern blot. Urmylation of unidentified target proteins
was low or barely detectable (Figure S2G), particularly in SL
medium and chemostat cultures. Finally, cells lacking Ncs2p or
Ncs6p, which are required for tRNA uridine thiolation, but not
protein urmylation (Noma et al., 2009) (Figure 2C), exhibited
disrupted metabolic cycles identical to uba4D or urm1D strains
(Figure 2E). Collectively, these data demonstrate that tRNA thio-
lation, and not protein urmylation, is important for the coordina-
tion of growth and metabolic cycling under challenging nutrient
environments.
tRNA Uridine Thiolation Regulates Carbohydrate
Metabolism and Amino Acid Synthesis
To investigate which cellular proteins are affected by tRNA
thiolation, we performed an unbiased analysis of protein abun-
dance in WT and thiolation-deficient cells using a stable isotope
labeling with amino acids in culture (SILAC) experiment (Fig-
ure 3A). To rule out contributions from protein urmylation, we
independently comparedWT to either the uba4Dmutant (lacking
both uridine thiolation and protein urmylation) or the ncs2D
mutant (lacking only uridine thiolation). Experiments were per-
formed in SL medium, where tRNA thiolation is regulated (Fig-
ures 1C and 4A). Cells were grown in SL supplemented with
methionine (to promote maximal tRNA thiolation in WT), and
either heavy or light arginine and lysine (Figure 3A). Approxi-
mately 1,900 proteins, or one-third of the yeast proteome,
were unambiguously measured in both samples (Table S2).
The two sets of experiments (WT versus uba4D or WT versus
ncs2D), showed exceptional correlation (Pearson’s coefficient
r = 0.83, p < 0.0001), and a 1:1 ratio for all proteins detected
(slope = 0.87) (Figure 3A), indicating that the extent of changes
in protein levels in either uba4D or ncs2D cells (each compared
to WT) was nearly identical. This further suggests that tRNA
thiolation defects, and not protein urmylation defects, recapitu-
late the phenotypes observed with the uba4D strains under the
conditions tested. Next, we selected proteins that either
decreased or increased in both uba4D cells and ncs2D cells. Cells were grown as described in (B), with or without supplementation of the
ixture (non-S). Tyrosine was excluded due to poor solubility (mean ± SD, n = 3,
ine and methionine are derived from homocysteine and can be interconverted.
e grown in YPD, SD, or SD supplemented with methionine (150 mM) (see B), and
both cysteine and methionine in SD mirror the decrease in uridine thiolation
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Figure 2. tRNA Uridine Thiolation Is
Required for Normal Metabolic Cycles
(A) Schematic describing the yeast metabolic
cycle (YMC) and its three phases, OX, RB, and RC.
Numbers indicate time points of typical sample
collections.
(B) Thiolation-deficient strains cannot undergo
normal metabolic cycles. Metabolic cycles of WT,
uba4D and urm1D (uridine thiolation-deficient),
and elp3D and trm9D (uridine mcm5-deficient)
cells are shown across a 20 hr time period.
(C) Schematic of the tRNA uridine thiolation/sulfur
transfer pathway and urmylation pathway. The
tRNA uridine thiolation pathway shares compo-
nents with the protein urmylation pathway. Uba4p/
Urm1p are required for both pathways, while
Ncs2p/Ncs6p are only required for tRNA uridine
thiolation. Ahp1p is the only known urmylated
yeast protein.
(D) Uba4p catalytic activity is required for normal
metabolic cycles. The metabolic cycles of cata-
lytically dead uba4 mutant (C225A and C397A)
compared to WT are shown, along with the
location of the catalytic cysteine residues within
Uba4p.
(E) Protein urmylation is not required for metabolic
cycles. ahp1D strains show normal metabolic
cycles. ncs2D and ncs6D strains are incapable of
tRNA uridine thiolation, but are not involved in
protein urmylation. Both ncs2D and ncs6D strains
exhibit cycles comparable to uba4D and urm1D
strains.
See also Figure S2.
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compared to WT cells, by >1.4-fold. Only a small fraction of the
proteins detected (<5% for each set) met these criteria, with the
majority of the detected proteins remaining relatively unchanged
in abundance (Table S2).
These proteins were analyzed using gene ontology (GO) for
significantly enriched GO terms, using stringent exclusion
criteria (p < 0.0001). All detected proteins that decreased in
thiolation-deficient strains grouped to GO pathways related to
sugar and carbohydrate metabolism (Figure 3C and Table S3).
These include enzymes involved in glycolysis and inositol
synthesis, suggesting that reduced tRNA thiolation signals cells
to downregulate carbon metabolism. We similarly analyzed pro-
teins that increased in thiolation-deficient mutants compared to
WT, which broadly grouped to cellular amino acid biosynthesis
(86%), small molecule metabolism, and sulfur compound meta-
bolism (Figure 3C and Table S4). In both uba4D and ncs2D
mutants, all these proteins increased to a comparable extent
relative to WT cells (Figure 3D, slope = 1, Pearson’s coefficient
r = 0.95, p < 0.0001) and did not appear to be due to increased
transcription (Figure S3).
We further examined the functional roles of the proteins
related to amino acid metabolism that increased in abundance
in thiolation-deficient mutants and observed that nearly all of
them are involved in the synthesis of methionine, cysteine (Fig-
ure 3E), or lysine (Figure 3F) and not their degradation. In addi-
tion, methionine salvage enzymes including Map1p, Utr4p, and
Aro8p also increased in the mutants (Figure 3E). All enzymes in
the lysine biosynthetic pathway, as well as 12 enzymes in the
extensive sulfur amino acid metabolism pathway increased in
abundance in mutants lacking tRNA thiolation (Figures 3E and
3F). Intriguingly, lysine codons are recognized and translated
by a uridine thiolated tRNA. Thus, despite the presence of
excess methionine and lysine, cells deficient in tRNA uridine
thiolation cannot accurately gauge availability of these amino
acids and upregulate pathways promoting their accumulation.
Collectively, these data reveal that thiolated tRNA levels recipro-
cally regulate amino acid and carbohydrate metabolism to help
achieve metabolic homeostasis.
tRNA Thiolation and Uba4p Protein Levels Are Actively
Downregulated during Sulfur Amino Acid Limitation
Upon switch from YPL to SL medium where tRNA thiolation is
decreased, yeast cells also induce autophagy that is dependent
on a protein complex containing Iml1p, Npr2p, and Npr3p (Wu
and Tu, 2011). Because this complex regulates cellular re-
sponses to sulfur amino acid limitation (Sutter et al., 2013), we
tested if tRNA thiolation, a sulfur-consuming process, might
also be regulated by this complex. We compared the relative
abundance of thiolated tRNA uridines in WT, npr2D, or npr3D
strains growing in YPL or SL medium. In both npr2D and
npr3D strains, thiolated uridine abundance was significantly
higher than in WT strains only after switch to SL (Figures 4A
and S4A). Furthermore, both npr2D and npr3D mutant strains
grew faster than WT cells in these conditions (Figures 4B and
S4B and described in detail in Sutter et al., 2013). Eliminating
tRNA thiolation by deleting uba4D reduced the amount of un-
checked growth in the npr2D mutant, suggesting that tRNA
thiolation is typically reduced to decrease growth rates uponswitch to sulfur amino-acid-limited growth conditions (Fig-
ure 4B). Direct biochemical associations between epitope-
tagged versions of Uba4p and the Iml1p/Npr2p/Npr3p complex
could not be reliably assessed since most deletions of Uba4p at
the N or C terminus resulted in complete inactivation of Uba4p
(Figure S4C). However, we observed that amounts of cysteine,
methionine, and in particular SAM, were abnormally high in
npr2D mutant cells in SL (Figure 4C), which likely contributes
to excessive tRNA thiolation under these conditions. These
data suggest that the Iml1p/Npr2p/Npr3p complex negatively
regulates tRNA thiolation partly by altering sulfur amino acid
availability.
To further address how tRNA uridine thiolationmight be down-
regulated during sulfur amino acid starvation, we measured pro-
tein abundance of components of the tRNA thiolation machinery
in cells grown in rich or minimal medium. We observed a
decrease in amounts of Uba4p, as well as the sulfur carrier
Urm1p, upon switch to SL medium, which was attenuated by
the presence of methionine (Figures 4D and S4D). However,
amounts of the other tRNA thiolation proteins (Ncs2p and
Ncs6p) did not decrease to a similar extent under these condi-
tions (Figure S4D). These data strongly suggest that Uba4p
and Urm1p abundance are regulated by sulfur amino acid avail-
ability, and that tRNA thiolation amounts also decrease in part
due to reduced levels of these proteins. The decrease in
Uba4p and Urm1p appeared to be occurring posttranscription-
ally (Figure 4E) and was not dependent on Npr2p (Figure S4E).
Furthermore, inhibiting protein synthesis by cycloheximide treat-
ment increased the degradation rate of Uba4p only slightly (Fig-
ure S4F). Thus, when sulfur amino acids become limiting, cells
actively downregulate tRNA uridine thiolation by reducing abun-
dance of Uba4p and Urm1p, along with reduced sulfur substrate
availability.
Genes with Functions Associated with Translation and
Growth Are Especially Dependent on Thiolated tRNAs
for Translation
tRNA uridine modifications improve reading of A or G ending
codons by facilitating wobble base-pairing (Chen et al., 2011b;
Johansson et al., 2008; Murphy et al., 2004). However, a logic
for why these modifications are tailored specifically to Lys (K),
Glu (E), and Gln (Q) tRNAs remains unclear. In particular, our
SILAC experiments revealed that cells deficient in tRNA thiola-
tion upregulate enzymes involved in lysine biosynthesis (Figures
3C and 3F). To understand the distinctiveness of these codons,
we performed an unbiased, genome-wide analysis of codon us-
age in yeast to assess classes of transcripts enriched in K (as
well as E and Q) codons (Table S5). For our analysis, we noted
that (1) K, E, and Q have two codons each, but the yeast genome
is biased toward codons requiring cognate uridine-modified
tRNAs for translation (AAA 58%, GAA 70% and CAA 69%) and
(2) the uridine modifications enable tRNAs to recognize and
translate both cognate codons for each amino acid (Johansson
et al., 2008). We therefore grouped both codons together for
analysis. We selected genes clustered at over 2 SD above the
mean (Z R 2) for the frequency of occurrence of K, E, or Q, or
all three codons, and identified highly significant shared GO
terms, using an exceptional p value cutoff < 0.00001 (TableCell 154, 416–429, July 18, 2013 ª2013 Elsevier Inc. 421
(legend on next page)
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Figure 4. Uba4p Is Negatively Regulated
during Sulfur Amino Acid Starvation
(A) npr2D and npr3D strains exhibit excessive
tRNA thiolation during sulfur starvation. Relative
tRNA thiolation amounts were measured in WT,
npr2D and npr3D cells grown in YPL or SL
medium. Thiolation increased in npr2D and npr3D
strains compared to WT cells only in SL (mean ±
SD, n = 3, with experimental duplicates.
** indicates p < 0.01).
(B) Thiolation-deficient npr2D/uba4D strains
exhibit slower growth compared to npr2D in SL
medium. Growth curves of the indicated strains
following switch from YPL to SL medium were
measured in batch cultures starting at an OD600
of0.1. (mean ± SD, n = 3, *** indicates p < 0.001).
(C) npr2D cells have abnormally higher levels of
sulfur-containingmetabolites. Relative amounts of
cysteine, methionine and SAM were measured in
WT and npr2D cells growing in YPL or SL by
LC-MS/MS.
(D) Uba4p abundance decreases upon switch to
SL medium. Western blot shows amounts ofMyc-
UBA4 present over time in cells growing in YPL, SL
or SL+0.5 mM methionine (mean ± SD, n = 3).
(E) UBA4 and URM1 transcript levels remain
relatively stable upon sulfur amino acid starvation.
Relative amounts of UBA4 and URM1 transcripts
in cells growing in the indicated conditions were
measured by RT-qPCR (normalized to snR14).
Mean ± SD; n = 3.
See also Figure S4.S6). We found that genes highly enriched for all three (K, E, Q)
codons are substantially overrepresented in rRNA processing, ri-
bosomal subunit biogenesis and other translation-/growth-spe-
cific biological processes (Figure 5A and Table S6) (p < 107).
Second, K-codon-rich genes are especially overrepresented in
processes related to rRNA formation, translation factors, ribo-
somal subunit biogenesis, andmitochondrial organization (Table
S6 and Figure 5B) (p < 1010), while E and Q-rich codons are
broadly overrepresented in growth-specific processes (Figures
S5A and S5B). Collectively, transcripts enriched in codons
recognized by thiolated tRNAs, particularly lysine, are highly
overrepresented in processes involved in the ribosome, rRNA
function, and translation. We also GO Slim mapped frequenciesFigure 3. tRNA Uridine Thiolation Regulates Amino Acid Biosynthesis
(A) Schematic of the SILAC quantitative proteomic approach used to assess glob
Procedures).
(B) tRNA uridine thiolation is responsible for most uba4D phenotypes. Correlatio
ncs2D (y axis) samples, for all proteins detected in both samples (1,900 total).
(C) tRNA uridine thiolation regulates sugar and carbohydrate metabolism as w
decreased (bottom) by at least 1.4-fold in thiolation-deficient strains (compared
terms (significance threshold p < 0.0001). Consolidated GO-term groups were vis
Procedures).
(D) Proteins related to sulfur amino acidmetabolism or lysinemetabolism that incre
ratio plots. WT/uba4D (x axis) ratios for these proteins are compared againstWT/n
(E) Sulfur amino acid metabolism-related proteins that increase in tRNA uridi
biosynthesis or salvage that specifically increased in both uba4D and ncs2D mu
(F) Lysine metabolism-related proteins that increased in tRNA uridine thiolation-d
See also Tables S2, S3, and S4 and Figure S3.of these GO clusters (by biological process) in K-, E-,
Q-enriched, or K-enriched genes with their corresponding
genome-wide frequencies (Figure 5C). Genes involved in protein
translation and ribosome biogenesis again were overrepre-
sented in the list of K or K-, E-, or Q-enriched codons.
To test whether tRNA thiolation might be important for the
translation of transcripts enriched in these codons, we
measured the protein levels of several lysine or glutamine
codon-rich genes picked from this data set arbitrarily in WT
and thiolation-deficient uba4D strains grown continuously under
glucose limitation (Figure 5D). Notably, the abundance of each
K- or Q-rich protein tested was reproducibly decreased in
uba4D mutants across each surveyed time point (Figure 5D),and Sugar Metabolism
al changes in protein levels in thiolation-deficient cells (Extended Experimental
n plot comparing normalized log2 H/L ratios from WT/uba4D (x axis) and WT/
ncs2D and uba4D strains showed similar profiles (slope = 0.87, r = 0.83).
ell as sulfur and lysine amino acid metabolism. Proteins increased (top) or
to WT cells) were analyzed by GO term grouping, to find significantly enriched
ualized using the descriptive, scaled TreeMaps shown (Extended Experimental
ase or decrease in uba4D or ncs2Dmutant cells were compared using log2 H/L
cs2D (y axis). Both samples showed a nearly 1:1 correlation (r = 0.95, slope = 1).
ne thiolation-deficient mutants. Proteins involved in methionine or cysteine
tants are indicated in magenta.
eficient mutants (uba4D, ncs2D) compared to WT are indicated in magenta.
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with decreases ranging from 15% to 40% (Figure 5D). These
decreases in protein levels were unlikely due to changes in tran-
script levels of these genes (Figure S5C). Such decreases in
protein levels were less apparent when the cells were grown in
YPD-rich medium (Figure S5D). Thus, tRNA uridine thiolation
appears to be required for optimal translation of transcripts
enriched in these codons, especially under more challenging
growth environments. Because genes enriched in these codons
function predominantly in the translation process, these data
suggest that tRNA uridine thiolation functions to regulate the
overall translational capacity of the cell in tune with sulfur amino
acid availability.
tRNA Uridine Modifications Promote Growth at the Cost
of Survivability
For microorganisms, competitive growth advantages during
nutrient limitation can be critical for their successful propagation.
Competitive growth assays between WT and thiolation-deficient
cells under glucose-limited conditions revealed that tRNA thiola-
tion provided cells a strong growth advantage, allowing them to
take over a population in rapid fashion (Figures 6A and S6A). In
contrast, accumulating evidence suggests that an overall slow-
ing of metabolism during fasting, when cells have decreased
growth and translation, functions to increase longevity or survival
(Blagosklonny and Hall, 2009). One measure of survivability is a
test of chronological lifespan, where yeast remain in exhausted
batch cultures over time and are tested for their ability to pro-
duce colonies upon transfer to fresh medium (Figure 6B). We
compared chronological lifespans between WT, thiolation-defi-
cient (uba4D, urm1D), and mcm5-deficient (elp3D, trm9D)
mutants. The absence of either modification increased chrono-
logical lifespan, and the trend correlated with the severity of
metabolic cycle defects. tRNA thiolation-deficient strains sur-
vived the longest, whereas mcm5-deficient strains survived
longer than WT strains but less than thiolation-deficient strains
(Figure 6B).
Finally, mutants lacking tRNA thiolation showed very minor
growth defects in YPD glucose-rich medium (Figure S1). We
hypothesized that phenotypes due to thiolation deficiency could
be masked due to compensation arising frommetabolic adapta-
tions (e.g., Figure 3) as well as the accumulation of mcm5-
modified uridines. Indeed, we observed that mcm5-uridine
abundance increased in thiolation-deficient cells (Figure S6).
To minimize chances for compensation and adaptation in mu-
tants, we deleted a single copy of eitherUBA4 orNCS2 in diploid
cells and examined the growth of newly germinating uba4D orFigure 5. Lys, Gln, Glu Codon-Enriched Genes Are Overrepresented in
(A) From a genome-wide analysis of codon usage frequency (Table S5), the genes
and analyzed by GO for highly significant GO terms (209 genes, p < 0.00001), an
(B) Genes with the highest frequencies of Lys (K) codons (ZR 2) were selected an
visualized using scaled TreeMaps.
(C) Granular GO annotations for K-, Q-, E- or K-codon-enriched genes to GO terms
the same biological process. Biological processes related to translation are show
(D) Decreased levels of K- and Q-rich proteins in tRNA thiolation-deficient cells. S
tagged at their C termini, and the encoded proteins were detected by western b
Quantifications of relative protein amounts comparing uba4D with WT are show
compared since cells were maintained simultaneously at similar cell density and
See also Extended Experimental Procedures, Figure S5, and Tables S5 and S6.ncs2D haploid cells produced from sporulation (Figure 6C).
These haploid mutants lacking tRNA thiolation now exhibited
pronounced growth defects even on YPD medium (Figure 6C),
indicating that the absence of tRNA thiolation acutely compro-
mises growth.
DISCUSSION
Our findings reveal that cells co-opt tRNAs to link growth and
translational capacity to the availability of a key nutrient, via a
posttranscriptional nucleotide modification on the tRNA itself
(Figure 7). We show that uridine thiolation on tRNAs decreases
with reduced availability of the sulfur-containing amino acids
cysteine and methionine. This serves as a cue to increase
cysteine and methionine synthesis and salvage, signifying the
importance of these sulfur amino acids. Furthermore, mRNA
transcripts biased for Gln, Glu and, in particular, Lys codons,
which are read by thiolated tRNAs, predominantly encode com-
ponents of the translational machinery and other growth-related
processes. Therefore, decreased levels of tRNA thiolation may
be sensed by the translational machinery to modulate transla-
tional capacity. Thiolation-deficient cells in particular upregulate
lysine biosynthetic enzymes, presumably to compensate for
defects in translating lysine-specific codons. Thus, yeast cells
utilize tRNA thiolation levels to gauge their metabolic state and
translational capacity in order to achieve metabolic homeostasis
(Figure 7).
The uridine thiolation modification appears to be more critical
than the mcm5 modification during nutrient-limited growth. This
is consistent with previous observations (Murphy et al., 2004;
Phelps et al., 2004) describing how tRNAlys (UUU) uridine thiola-
tion enhances ribosomal binding and translocation of recognized
codons nearly as much as multiple modifications (mcm5U34+
t6A37) on tRNALys together. This is in addition to the enhanced
ability of tRNAs with concurrent mcm5 and s2 modified uridines
to read A and G (wobble) ending codons (Chen et al., 2011b;
Esberg et al., 2006; Johansson et al., 2008). Moreover, recent
studies suggest that cells finely regulate ribosome speed, and
thus protein synthesis efficiency, using patterns of gene codon
usage (Tuller et al., 2010). In particular, the translation of the first
30–50 codons is slow, due to a bias for codons translated by
more limiting tRNAs, leading to a ‘‘ramping’’ process of transla-
tion (Tuller et al., 2010). Positively charged residues such as
lysines have specifically been suggested to be major determi-
nants of ribosomal velocity and translation rate (Charneski and
Hurst, 2013) and protein quality control (Brandman et al.,Translation and Growth-Related Functions
with the highest frequencies of Lys, Gln and Glu (K, Q, E) (ZR 2) were selected
d visualized using scaled TreeMaps.
d analyzed by GO for highly significant GO terms (204 genes, p < 0.00001), and
by biological processes, shown in comparison to genome-wide frequencies of
n in red.
everal genes enriched for K or Q codons were arbitrarily selected, flag epitope
lot in WT and uba4D mutant cells grown under continuous glucose limitation.
n in red. Note: the six independent time points from each strain cycle can be
fed the same medium.
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Figure 6. tRNA Uridine Modifications Promote Growth at the Cost of Survivability
(A) Competitive growth between WT and tRNA thiolation-deficient cells during nutrient-limited growth in chemostats was measured as depicted on the left. The
percentage of each strain within the population was measured for several days. Thiolation-deficient cells were out-competed by WT cells in less than 3 days.
(B) Chronological lifespan of mutants with disrupted tRNA uridine modifications. WT or mutant cells were grown in batch cultures in SD medium as depicted on
the left. Cell survivability was assessed after the indicated number of days.
(C) Tetrads of sporulated diploid cells carrying a single copy uba4D or ncs2D deletion germinated on YPDmedium. All the slower-growing spores were verified to
be uba4D or ncs2D.
See also Figure S6.2012). It is possible that cells use similar modes of modulating
translation capacity through specific nutrient-sensitive tRNA
modifications targeted toward specific residues, particularly
lysine.
How many intracellular sulfur equivalents could be consumed
for tRNA uridine thiolation? Rapidly growing yeast cells contain
an estimated3 million copies of total tRNAmolecules (Phizicky
and Hopper, 2010). Of 274 yeast tRNA genes, 30 (10.5%)
encode just the three tRNAs with thiolated uridines (UUU,
UUC, and UUG anticodons), out of 61 anticodon tRNAs. The
tRNA gene copy number correlates with tRNA expression levels
in respiratory and fermentative growth conditions (Percudani
et al., 1997; Tuller et al., 2010). Using this as a baseline,
300,000 tRNA molecules in a single yeast cell could be thio-
lated, resulting in 20 mM of uridine thiolated tRNAs during
sulfur- and carbon-replete conditions in a 30 fl yeast cell (Jor-
gensen et al., 2002), comparable to total intracellular methionine
concentrations (Table S1). Changes in thiolated uridine abun-426 Cell 154, 416–429, July 18, 2013 ª2013 Elsevier Inc.dance therefore reflect substantial changes in the availability of
reduced sulfur. In the accompanying manuscript, we describe
how autophagy is induced when cells are switched to conditions
that make it hard to synthesize sufficient levels of methionine
(Sutter et al., 2013). Upon switch to the same sulfur-limited con-
ditions, tRNA thiolation is downregulated as means to spare the
consumption of sulfur during a time when cells must decrease
translation rates. Preventing such sulfur ‘‘wasting’’ by reducing
tRNA thiolation appears to be a key aspect of translational regu-
lation. Such regulation of tRNA thiolation appears to occur
downstream of TORC1 as well as the Iml1p/Npr2p/Npr3p com-
plex. How these pathways modulate tRNA thiolation will be an
important area of future research.
Integrating amino acid homeostasis with a single tRNA modi-
fication also allows cells to directly regulate the balance between
growth and survival. During times of unpredictable nutrient
availability, translation needs to be carefully regulated. Using a
tRNA modification to sense sulfur amino acid availability and
Figure 7. tRNA Uridine Thiolation Gauges Sulfur Amino Acid
Availability to Regulate Cell Growth and Translation
In sulfur amino-acid-replete conditions (left), cells have high amounts of tRNA
uridine thiolation, which increases translational capacity and cell growth.
Sulfur amino acid starvation (right) results in decreased tRNA uridine thiolation,
due to a decrease in Uba4p amounts as well as reduced sulfur equivalents. A
reduction in tRNA thiolation functions to downregulate translation and cell
growth. This results in a feedback mechanism which serves to increase
methionine, cysteine, and lysine synthesis and salvage. Decreased tRNA
uridine thiolation may also limit translation of components of the translation
machinery, which often harbor a large number of Lys, Gln and Glu codons.
Thus, the abundance of thiolated tRNAs enables cells to integrate sulfur amino
acid availability with supportable rates of translation and cell growth.integrate it with translational capacity may provide cells with
significant growth advantages under challenging nutrient envi-
ronments, enabling cells to maximize translation rates when
methionine and cysteine are plentiful. Conversely, when sulfur
resources become limiting, this process is downregulated
perhaps to conserve sulfur for other processes important for
cell survivability.
In closing, our findings reveal how tRNA thiolation is involved in
regulating cell growth, translation, sulfur metabolism, and meta-
bolic homeostasis. Through use of this ancient, conserved tRNA
nucleotide modification, we show how cells have evolved a
means to judiciously regulate translation and growth in response
to availability of sulfur as a sentinel nutrient. As such, the ability of
specific tRNAs to wobble appears to be directly linked to cellular
metabolism and the availability of reduced sulfur equivalents.
Although there are particular differences in the regulation of
sulfur metabolism in other species compared to yeast, the
tRNA thiolation pathway is conserved in all eukaryotes, and
the modification conserved throughout all kingdoms of life.
Therefore, it is likely that certain aspects of amino acid sensing
and growth regulation through the tRNA thiolation modificationmay occur with a similar logic in other organisms including
mammals.
EXPERIMENTAL PROCEDURES
Yeast Strains and Methods
The prototrophic CEN.PK strain background was used in all experiments.
Strains are listed in Table S7. Additional details as well as cell collection, pro-
tein extraction, immunopurifications, urmylation assays, and protein detection
methods are described in detail in the Extended Experimental Procedures.
RNA Purifications
Small RNA species (primarily all tRNAs) were isolated from yeast cells as
described in the Extended Experimental Procedures.
LC-MS/MS Based Detection and Quantification of tRNA Nucleotide
Modifications
Purified tRNAs were enzymatically digested and dephosphorylated into con-
stituent single nucleosides and the enzymes removed as described in the
Extended Experimental Procedures. To quantitatively detect nucleosides
and nucleoside modifications, we used LC-MS/MS with a triple quadrupole
mass spectrometer (3200 QTRAP, ABSCIEX). The column used for HPLC sep-
aration was a Synergi 4u Fusion-RP 80A reverse phase column (Phenomenex).
Nucleosides were directly injected into this column and chromatographed at
a flow rate of 0.5 ml/min. The solvent system consisted of 5 mM ammonium
acetate in water (solvent A) and 5 mM ammonium acetate in methanol
(solvent B). Injected samples were eluted with the following gradient of solvent
B: 0%–0.2%/5 min, 0.2%–1%/1 min, 1%–3%/1 min, 3%–5%/1 min, 5%–
25%/6 min, 25%–50%/4 min, 50%–100%/2 min. The identities of specific
nucleoside modifications were determined using multiple reaction monitoring
(MRM) and confirmed using RNA isolated from WT strains or mutant strains
lacking these modifications, as well as with standards (for unmodified nucleo-
sides). The retention time and the m/z of the parent or product ion were as
follows: mcm5s2U 13–14 min, 333/201; mcm5U 10–11 min, 317/185; control
nucleotides: adenosine 12–13 min 268/136 & 268/119; cytidine 2 min 244/
112 & 244/99; inosine 12 min 269/137 & 269/119; uridine 2–3 min 245/113 &
245/96. Quantitation of relative amounts (for any nucleoside or modification)
was performed using either total ion count (TIC) from each sample as a quan-
tifying standard, or by using relative intensities of adenosine or inosine MRMs
from each sample as a standard. All of these quantification methods gave
similar results.
APM Polyacrylamide Gel Electrophoresis and Northern Blotting
tRNAs containing thiolated uridine were detected by northern blotting, using
polyacrylamide gels containing (N-acryloylamino)phenylmercuric chloride
(APM). APMwas synthesized by themethod originally developed by Igloi (Igloi,
1988). Total RNA was isolated by standard phenol-chloroform based extrac-
tion methods and separated by PAGE containing 0.03–0.06 mg/ml APM and
blotted onto Hybond N+membranes. Individual tRNAs were detected by stan-
dard northern blotting using 32P labeled oligonucleotides probes for tRNAlys,
tRNAGlu or tRNAGln, and visualizing mobility shifts by standard exposure
to film. The DNA probes used were: AGGTCCTACCCGGATTCGAACCGG
(tRNAGlu (UUG)), TGGCTCCGATACGGGGAGTCGAAC (tRNAGln (UUC)) and
TGGTGAGAATAGCTGGAGTTGAAC (tRNAlys (UUU)).
Metabolic Cycles
Chemostat growth and production of metabolic cycles was performed as
described previously (Tu et al., 2005). In brief, yeast cells were grown to high
density, starved for a short period, and then continuously fedmedia containing
1% glucose at a dilution rate of 0.09 hr1.
Sulfur Metabolite Analysis
Yeast cells were grown in the specified media, and then quenched in a water/
methanol solution (final concentration 50%) held at 45C. Metabolites were
extracted and sulfur-containing metabolites were measured using targeted
LC-MS/MS methods described previously (Tu et al., 2007).Cell 154, 416–429, July 18, 2013 ª2013 Elsevier Inc. 427
Genome-wide Codon Usage Analysis
The complete ORF yeast genome was analyzed for codon composition,
sorted, and scored and significant enrichments were analyzed using GO as
described in the Extended Experimental Procedures.
mRNA Isolation and RT-qPCR
Total RNA from yeast cells grown in different media was isolated using
aMasterPure Yeast RNA isolation kit (Epicenter), RNAwas reverse transcribed
into cDNA, and transcript levels were measured by qPCR as described in the
Extended Experimental Procedures.
Cell Protein Labeling and SILAC Analysis
WT, uba4D, and ncs2D cells were grown in SL medium supplemented with
20 mg/ml methionine, 50 mg/ml heavy or light lysine, and 50 mg/ml heavy or light
arginine. Proteins were extracted and digested to peptides, which were then
resolved and subjected to mass spectrometry analysis. Proteomic data
were analyzed using MaxQuant as described in the Extended Experimental
Procedures.
Chronological Lifespan Assays
Chronological lifespan assays were performed using cultures grown in SD
medium (without additional amino acids) and allowed to persist in stationary
phase over a period of 20 days (Figure 6B).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, six
figures, and seven tables and can be found with this article online at http://
dx.doi.org/10.1016/j.cell.2013.06.043.
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